Ribosome biogenesis is a multistep cellular pathway that involves more than 200 regulatory components to ultimately generate translation-competent 80S ribosomes. The initial steps of this process, particularly rRNA processing, take place in the nucleolus, while later stages occur in the nucleoplasm and cytoplasm. One critical factor of 28S rRNA maturation is the SUMO-isopeptidase SENP3. SENP3 tightly interacts with the nucleolar scaffold protein NPM1 and is associated with nucleolar 60S preribosomes. A central question is how changes in energy supply feed into the regulation of ribosome maturation. Here, we show that the nutrient-sensing mTOR kinase pathway controls the nucleolar targeting of SENP3 by regulating its interaction with NPM1. We define an N-terminal domain in SENP3 as the critical NPM1 binding region and provide evidence that mTOR-mediated phosphorylation of serine/threonine residues within this region fosters the interaction of SENP3 with NPM1. The inhibition of mTOR triggers the nucleolar release of SENP3, thereby likely compromising its activity in rRNA processing. Since mTOR activity is tightly coupled to nutrient availability, we propose that this pathway contributes to the adaptation of ribosome maturation in response to the cellular energy status.
R
ibosomes are large ribonucleoprotein complexes functioning as molecular machines in protein synthesis. Mammalian 80S ribosomes are assembled from the small 40S and the large 60S subunit (1) . The 60S subunit is composed of the 28S, the 5.8S, and the 5S rRNA and contains at least 46 ribosomal proteins, while the 40S subunit consists of around 30 ribosomal proteins and the 18S rRNA. The maturation of ribosomes is a highly regulated pathway that involves more than 200 nonribosomal proteins, commonly termed trans-acting factors (2, 3) . Ribosome biogenesis is initiated in the nucleolus by RNA polymerase I (Pol I), transcribing a 47S precursor rRNA. This precursor is incorporated into a nucleolar 90S preribosomal particle, where specific bases in the rRNA are covalently modified and initial pre-RNA processing steps take place (4, 5) . The 40S and 60S ribosomal subunits subsequently take a separate maturation pathway, which proceeds by a number of processing and remodelling events in the nucleolus and the nucleoplasm. Following export to the cytoplasm, both subunits are assembled to translation-competent 80S particles.
As an integral part of protein synthesis, ribosome biogenesis must be tightly coupled to the energy status and nutrient levels of the cell. One key pathway that coordinates energy supply with protein translation is the mammalian target of rapamycin (mTOR) signaling network (6, 7) . mTOR is an evolutionarily conserved serine/threonine kinase. In mammalian cells, mTOR is found in two distinct complexes, mTORC1 and mTORC2, that contain specific regulatory subunits and adaptor proteins. For example, Raptor and Rictor are the protein components involved in substrate recruitment and complex assembly of mTORC1 and mTORC2, respectively. mTORC1 positively regulates many anabolic processes, with the role of mTORC1 signaling in translational initiation being the best understood. More recently a function of mTOR signaling in ribosome biogenesis has also been proposed (8) (9) (10) (11) (12) . In particular, mTOR has been implicated in the control of RNA polymerase I transcription and rRNA processing. However, the molecular basis and the targets of mTOR in the process of ribosome maturation are not well understood.
Here, we show that mTOR signaling is required for the nucleolar targeting of the SUMO-specific isopeptidase SENP3. SENP3 belongs to the SENP family of cysteine proteases, which is comprised of SENP1, SENP2, SENP3, SENP5, SENP6, and SENP7 (13, 14) . Members of this family catalyze the removal of the ubiquitin-like SUMO modifier from target proteins. In humans, three related SUMO variants (SUMO1, SUMO2, and SUMO3) act as modifiers that are covalently attached to lysine residues. The conjugation of SUMO to target proteins provides a platform for protein-protein interactions and has a central role in a variety of cellular signaling pathways (15) (16) (17) . We and others could demonstrate that balanced SUMO conjugation/deconjugation is an important regulatory mechanism for ribosome maturation in higher eukaryotes (18) . A key factor in this process is SENP3, which associates with nucleolar pre-60S particles (19, 20) . Importantly, the depletion of SENP3 strongly inhibits the processing of the 32S rRNA to the 28S rRNA and precludes the subsequent steps of pre-60S maturation (21, 22) . SENP3 associates with the nucleolar scaffold protein NPM1 and a complex comprised of the 60S maturation factors PELP1, TEX10, WDR18, and Las1L. Several subunits of this complex, including NPM1, PELP1, and Las1L, were identified as critical targets of SENP3-mediated deSUMOylation (19, 20) . Importantly, the loss of SENP3 leads to the nucleolar release of the PELP1-TEX10-WDR18 complex, suggesting that SENP3-mediated removal of SUMO2/3 from the PELP1 complex is critical for ribosome maturation.
Here, we provide evidence that the mTOR pathway regulates the nucleolar targeting of SENP3. mTOR-mediated phosphorylation of SENP3 facilitates the interaction with its nucleolar binding partner NPM1, thereby promoting nucleolar targeting. Our data suggest that this is a prerequisite for SENP3-dependent 28S rRNA maturation.
MATERIALS AND METHODS
Cell culture and transfection. HeLa, HEK293T, and U2OS cells were cultured under standard conditions. Plasmid transfections were carried out using the calcium phosphate method for HEK293T cells and FuGeneHD (Roche) for HeLa and U2OS cells according to the manufacturers' instructions. When indicated, the cells were treated with 10 M Ku-0063794 (Selleck Chemicals) for 6 h or with 2 M rapamycin (Selleck Chemicals) for 6 h. Amino acid starvation was done in EBSS (Earle's balanced salt solution; Gibco). To inhibit the mTOR/Raptor/ MSLT8 complex in the in vitro kinase assay, the complex was preincubated with 1 mM Torin1 (Selleck Chemicals) for 1 h.
For short interfering RNA (siRNA) knockdown experiments, HeLa cells were transfected with the respective siRNAs (120 pmol/well of a six-well plate, 3.5-cm diameter) using Oligofectamine (Invitrogen) according to the manufacturer's protocol. The following siRNA sequences (sense) were used: control, CGUACGCGGAAUACUUCGAdTdT; SENP3, CUGGCCCUGUCUC AGCCAUdTdT; NPM1, GGAAGUCUCUUUAAGAAAAdTdT; Rictor, AC UUGUGAAGAAUCGUAUCdTdT; Raptor, GATGAGGCTGATCTTACA GdTdT.
Cloning and mutagenesis. Transient transfections of Flag-tagged expression constructs were done with the respective cDNAs cloned into pCI vector (Invitrogen). For bacterial purification of glutathione S-transferase (GST) fusion proteins, pGEX-4T-1 (GE Healthcare) vector was used. All other plasmids are described elsewhere (20, 21) . For site-directed mutagenesis, a QuikChange mutagenesis kit (Stratagene) was used according to the manufacturer's instructions.
Expression of recombinant proteins, in vitro transcription/translation, and GST pulldown assays. GST fusion proteins were expressed in Escherichia coli BL21 as described previously (23) . For in vitro transcription/translation, the TnT quick coupled transcription/translation system from Promega was used. One microgram of pCI vector encoding the respective proteins was translated with [ 35 S]methionine (Hartmann Analytic) according to the manufacturer's instructions. GST pulldown experiments were carried out with the in vitro-transcribed/translated products as described previously (24) . Phosphatase treatment was done with 200 U of lambda protein phosphatase (New England BioLabs) for 1 h at 30°C according to the standard protocol.
Immunoprecipitation and Western blotting. For immunoprecipitations of proteins from HeLa, HEK293T, or U2OS cells, cells were lysed in 50 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM EDTA, 0.5% NP-40 containing protease inhibitor cocktail (Complete; Roche) and phosphatase inhibitor cocktail (PhosphoSTOP; Roche). The cell lysates were cleared and incubated overnight with anti-Flag beads (Sigma-Aldrich) for Flagtagged proteins or with anti-NPM1 (Invitrogen) antibody for precipitating endogenous NPM1, followed by capture on Dynabeads (Life Technologies). Beads then were washed in lysis buffer, collected by centrifugation, and boiled with SDS-PAGE loading buffer for the elution of the beadbound proteins. After separation by SDS-PAGE, Western blotting was done using ECL detection reagents (Millipore).
Immunofluorescence. For immunofluorescence, HeLa cells were fixed in either 3.4% paraformaldehyde at room temperature or in methanol (MeOH) at Ϫ20°C for 10 min, permeabilized with 0.5% Triton X-100, and processed using standard protocols. Images were acquired with an LSM 510 Meta (Zeiss) and Leica TCS SP8. Primary antibodies used for detecting the respective proteins are listed below. The following secondary antibodies were used: Alexa Fluor 488 -goat anti-rabbit (Invitrogen), Cy3-goat anti-mouse (Jackson ImmunoResearch), Alexa Fluor 555-goat anti-rabbit (Invitrogen), fluorescein isothiocyanate (FITC)-donkey anti-mouse (Jackson ImmunoResearch), and Alexa Fluor 488 -goat anti-rat (Invitrogen) antibodies.
Antibodies used for Western blotting and immunofluorescence. The following antibodies were used for Western blotting, immunoprecipitation, and immunofluorescence: anti-Flag (clone M2; Sigma-Aldrich), anti-Flag (F7425; Sigma-Aldrich), antivinculin (clone hVIN-1; Sigma-Aldrich), anti-PELP1 (A300-180A; Bethyl Laboratories), anti-SENP3 (D20A10 XP) (Cell Signaling), anti-NPM/B23 (clone NA24; Santa Cruz), anti-NPM (32-5200; Invitrogen), PES1 (rat monoclonal antibody; gift from Dirk Eick, Helmholtz Zentrum, Munich), anti-␤-tubulin (clone E7; Developmental Studies Hybridoma Bank), anti-Rictor (2140S; Cell Signaling), anti-Raptor (2280S; Cell Signaling), and anti-p70S6K (T389) (9234S; Cell Signaling).
Metabolic labeling and analysis of rRNA. Pulse-chase labeling was carried out in HeLa cells. Cells first were incubated in phosphate-free medium (Gibco) for 1 h and pulsed with 20 Ci of [ 32 P]orthophosphoric acid (Hartmann Analytic) for 1 h at 37°C. The cells then were washed with phosphate-buffered saline (PBS) and chased in regular Dulbecco's modified Eagle medium (DMEM) for 1 h. RNA was extracted from cells using an RNA purification kit (Roche). Finally, 1 g of RNA was run on a denaturing agarose gel and stained with ethidium bromide, and the different rRNA species were visualized by autoradiography. Quantification of the rRNA was performed with a Bio-Rad phosphorimager.
In vitro kinase assay. HEK293T or HeLa cells were plated on a 15-cm dish and grown to 70% confluence. The cells then were transfected with 30 g of the Flag-tagged constructs and grown for an additional 48 h. Flagtagged proteins were immunoprecipitated from cells on anti-Flag-agarose beads and washed three times with kinase buffer (10 mM HEPES, pH 7.5, 50 mM NaCl, 50 mM ␤-glycerophosphate, 1 mM dithiothreitol [DTT], 10 mM MgCl 2 , 4 mM MnCl 2 ). The bead-bound proteins then were incubated with 300 ng of a catalytic fragment (spanning amino acids [aa] 1362 to 2549) of human mTOR kinase (40061; BPS Bioscience) in the presence of [ 32 P]ATP (0.1 Ci/l) for 1 h at 30°C. In the experiment shown in Fig. 3B , Flag-SENP3 was incubated with 300 ng of the mTOR complex (40300; BPS Biosciences) consisting of mTOR (aa 1362 to 2549), Raptor, and mLST8 for 5 min at 30°C. After incubation, the beads were washed with kinase buffer and boiled with sample buffer to elute the proteins. The eluted proteins then were run on an SDS-PAGE gel and dried, and phosphorylation was detected by autoradiography.
MS/MS. Flag-tagged SENP3 was immunoprecipitated from cells and in vitro phosphorylated using recombinant mTOR kinase. The eluted protein then was separated on an SDS-PAGE gel, and the bands at the size corresponding to SENP3 were excised and trypsin digested. The digested peptide mixture, at a concentration of 12.5 ng/l, was desalted, purified by a C 18 stage tip method, separated by online nano-liquid chromatography (LC), and analyzed using electrospray tandem mass spectrometry (MS/MS). The experiments were performed on an Easy-nLCII (Thermo Scientific) system connected to an LTQ Orbitrap elite mass spectrometer (Thermo Scientific) equipped with a nanoelectrospray ion source (Proxeon Biosystems, Odense, Denmark). MS/MS spectra were acquired in the ion trap by using the collision-induced dissociation (CID) mode. The peptides were separated with 60-min gradients from 5 to 35% acetonitrile in 0.5% acetic acid. The Orbitrap machine was operated in the data-dependent mode. A resolution value of 120,000 was set to acquire an MS scan. Up to 10 of the most intense ions prescan were selected for CID fragmentation. Selected target ions for MS/MS were dynamically excluded for 90 s.
Data analysis was carried out using MaxQuant software (version 1.2.2.5) supported by Mascot as the database search engine for peptide identifications. All data were filtered with a 1% false discovery rate (FDR) at the peptide level. MS/MS peak lists were filtered to contain, at most, six peaks per 100-Da interval searched by Andromeda against a concentrated forward and reverse version of UniProt and containing frequently observed contaminants, like human keratins. Initial precursor mass tolerance was set to 7 ppm, and the MS/MS mass tolerance was 0.5 Da. Phosphorylation (serine, threonine, tyrosine), N-acetyl protein, and oxidized methionine were searched as variable modifications, whereas cysteine carbamidomethylation was searched as a fixed modification.
RESULTS
Nucleolar localization of SENP3 is crucial for ribosome maturation. We and others have shown that SENP3 is central for ribosome maturation (21, 22) . However, it has remained unclear whether this function depends on nucleolar localization of the protein. To address this point, we generated a deletion mutant of SENP3 (SENP3 ⌬76-159 ) that is excluded from the nucleolus and exhibits a strictly nucleoplasmic distribution when expressed as a Flag-tagged version in HeLa cells (Fig. 1A) (14, 25) . In anti-Flag immunoprecipitation experiments, this variant is capable of binding the endogenous full-length SENP3 protein (Fig. 1B) . Accordingly, due to its elevated protein level, the ectopic expression of SENP3 ⌬76-159 drags the endogenous SENP3 protein out of the nucleolus (Fig. 1C) . Thus, the expression of SENP3 ⌬76-159 allowed us to investigate the requirement of nucleolar SENP3 for 28S rRNA maturation and 60S ribosomal subunit biogenesis. 28S rRNA processing from the 32S precursor was studied by pulsechase labeling of nascent rRNA with [ 32 P]orthophosphate. In cells transfected with wild-type SENP3, the mature 28S rRNA species is typically at least as abundant as its 32S rRNA precursor. In contrast, in the presence of SENP3 ⌬76-159 , the formation of the mature 28S rRNA is significantly compromised compared to that of the cells expressing wild-type SENP3 (Fig. 1D, upper) . The quantification of the 28S to 32S ratio showed that in cells expressing SENP3 ⌬76-159 , the 28S/32S rRNA ratio was reduced to around 60% compared to that of wild-type cells (Fig. 1D, lower) . This reduction in 28S maturation by SENP3 ⌬76-159 is comparable to the effect observed upon RNA interference (RNAi)-mediated depletion of the protein, indicating that SENP3 ⌬76-159 acts as a dominant-negative mutant (21, 22) (also see Fig. 6B ).
Physical interaction with NPM1 determines the nucleolar localization of SENP3. Previous work by our group and others has demonstrated that SENP3 is associated with NPM1 and the PELP1-Tex10-WDR18 complex (19-22, 26, 27) . Therefore, we set out to monitor whether SENP3 ⌬76-159 affects the localization of PELP1 and NPM1. In cells expressing SENP3 ⌬76-159 , PELP1 was largely depleted from the nucleolus and distributed to the nucleoplasm ( Fig. 2A) , while NPM1 remained in the nucleolus under ⌬76-159 along with the interacting proteins was eluted from the beads with SDS sample buffer, separated by SDS-PAGE, and detected using anti-Flag or anti-SENP3 antibody, respectively. (C) As described for panel A, except the cells were stained with anti-SENP3 antibody to simultaneously determine the localization of exogenous and endogenous SENP3 (left), and the level of the endogenous SENP3 was compared with the exogenous SENP3 levels by immunoblotting using anti-SENP3 antibody (right). (D) HeLa cells were transiently transfected with wild-type SENP3 or the SENP3 ⌬76-159 variant. After 48 h, the cells were pulse labeled with [ 32 P]orthophosphate for 1 h and chased for 1 h with unlabeled medium. RNA was purified from cells, separated under denaturing conditions on an agarose gel, and subjected to autoradiography. (Upper) The steady-state RNA levels were visualized by ethidium bromide (EtBr) staining of the gel. Transfection efficiency was monitored by immunoblotting using an anti-Flag antibody. Antivinculin staining served as a loading control. (Lower) The 28/32S rRNA ratio then was quantified using a phosphorimager. Values represent averages from three independent experiments, with error bars indicating standard deviations (SD), and a P value of Ͻ0.05.
these conditions (Fig. 2B) . The most straightforward interpretation of these data is that SENP3 ⌬76-159 still is capable of binding PELP1 but has lost its ability to bind NPM1. Consistent with this assumption, in anti-Flag immunoprecipitation experiments endogenous PELP1 copurifies with Flag-SENP3 ⌬76-159 as well as wild-type Flag-SENP3 (Fig. 2C) . In contrast, only wild-type SENP3, but not SENP3 ⌬76-159 , is associated with endogenous NPM1 (Fig. 2C) . These data suggest that the NPM1 binding domain in SENP3 overlaps its nucleolar targeting region. To further substantiate this view, we performed in vitro binding assays. Recombinantly expressed GST-NPM1 was used as the bait in GST pulldown assays and tested for interaction with full-length SENP3 or SENP3 ⌬76-159 , which was generated by in vitro transcription/ translation. In this setup, full-length SENP3, but not SENP3
⌬76-159
, bound to NPM1, further supporting the view that binding to NPM1 is critical for the nucleolar compartmentalization of SENP3 (Fig. 2D ). In agreement with this interpretation, SENP3 acquires diffuse staining in the nucleoplasm upon RNAi-mediated depletion of NPM1 (Fig. 2E) . Collectively, our data suggest that an N-terminal region, which is needed for the physical interaction with NPM1, directly mediates nucleolar targeting of SENP3.
N-terminal serine/threonine residues are required for nucleolar targeting and NPM1 binding of SENP3. We next aimed to determine whether the N-terminal region of SENP3 not only is required but also is sufficient for NPM1 binding and nucleolar targeting. To this end, we generated an N-terminal fragment of SENP3 ranging from amino acid 1 to 195. When expressed as a Flag-tagged protein in HeLa cells, this fragment was targeted to the nucleolus (Fig. 3A) . Moreover, it bound GST-NPM1 in an in vitro binding experiment (Fig. 3B) , further demonstrating that nucleolar targeting of SENP3 coincides with binding to NPM1. With respect to the importance of the NPM1-SENP3 interaction for nucleolar targeting, we aimed to understand how this interaction is regulated. Since we had previously shown that SENP3 is phosphorylated, we hypothesized that phosphorylation affected the association of SENP3 with NPM1 (28). To address this point generally, we performed an alanine scan and generated a Flagtagged version of full-length SENP3 in which all 28 serine/threonine residues in the N-terminal region (aa 1 to 195) were replaced by alanine. We found that, unlike wild-type Flag-SENP3, Flag-SENP3 28S¡A is not properly targeted to the nucleolus and exhibits a predominantly nucleoplasmic distribution (Fig. 3C ). Further, we tested the ability of this mutant to bind NPM1. When comparing anti-Flag immunoprecipitates from wild-type Flag-SENP3 and Flag-SENP3
28S¡A expressing cells, a drastic reduction of NPM1 binding was observed for the Flag-SENP3
28S¡A mutant (Fig. 3D) . However, Flag-SENP3
28S¡A still properly interacts with PELP1 (Fig. 3D) . To further support the idea that it is indeed the phosphorylation of SENP3 that controls the interaction with NPM1, we performed an in vitro binding experiment. To this end, we generated SENP3 by in vitro transcription/translation using rabbit reticulocyte lysate, which typically recapitulates cellular phosphorylation events. Subsequently, the protein was dephosphorylated through the addition of lambda phosphatase (-PPase), and its binding to GST-NPM1 was compared to that of the mock-treated phosphorylated SENP3. As shown above, SENP3 exhibits a strong and specific interaction with GST-NPM1. Intriguingly, however, this binding is strongly impaired upon dephosphorylating SENP3, suggesting that the phosphorylation status of SENP3 determines its binding to NPM1 (Fig. 3E) .
The N-terminal region of SENP3 is phosphorylated by mTOR. Based on the findings described above, we asked which kinase pathway could be involved in phosphorylation-mediated binding of SENP3 to NPM1. In light of the recently described role of mTOR signaling in ribosome biogenesis, we considered mTOR as a candidate kinase (8, 9, 11) . Therefore, we asked whether SENP3 is a direct target of mTOR-mediated phosphorylation. Because SENP3 cannot be purified in bacteria, we tackled this question by immunoprecipitating Flag-tagged SENP3 from HEK293 35 S]methionine-labeled SENP3 was generated by in vitro transcription/translation and either mock treated or treated with lambda phosphatase (-PPase). The proteins were used for a pulldown assay with either GST or GST-NPM1, and the interaction of SENP3 with NPM1 was detected by autoradiography. cells and, after stringent washing, used the purified protein for an in vitro phosphorylation assay with recombinant mTOR in the presence of [ 32 P]ATP (Fig. 4A ). In the initial experiment, we used a catalytic mTOR fragment (ranging from amino acid 1362 to the end), which was expressed in a baculovirus-infected Sf9 cell system. Interestingly, the autoradiography revealed that SENP3 is strongly phosphorylated by mTOR with efficiency comparable to that of the known mTOR target 4EBP1 (Fig. 4A) . The phosphorylation of SENP3 was strictly dependent on the addition of recombinant mTOR to immunopurified SENP3, excluding the contribution of a copurified kinase in the phosphorylation process. Also of note, no phosphorylation of NPM1 by mTOR could be observed in this experimental setup, demonstrating at least some specificity for mTOR-mediated phosphorylation (Fig. 4A) . The phosphorylation of SENP3 also was detected after only 5 min of incubation with the recombinant mTOR/Raptor/MLST8 complex purified from baculovirus-infected Sf9 cells (Fig. 4B) . The specificity of the reaction was further demonstrated by the loss of SENP3 phosphorylation as well as mTOR autophosphorylation upon the addition of the mTOR inhibitor Torin1 (Fig. 4B, left  lane) .
Based on the requirement of the N-terminal region of SENP3 in nucleolar targeting and NPM1 binding, we next tested the immunopurified N-terminal fragment of SENP3 (SENP3 ) for mTOR-mediated phosphorylation. Like full-length SENP3, SENP3 was efficiently phosphorylated by mTOR, suggesting that major mTOR phosphorylation sites reside in this region (Fig.  4C ). In line with this idea, the Flag-SENP3 28S¡A variant described above, in which all serine/threonine residues in the N-terminal region (aa 1 to 195) were replaced by alanine, did not undergo significant mTOR-mediated phosphorylation (Fig. 4D) . To further pinpoint the mTOR-dependent phosphosites in SENP3, we performed mass spectrometric analysis of SENP3 after in vitro phosphorylation. The analysis covered 23 out of 28 S/T residues in this region and identified five potential phosphosites (S25, S26, S141, T142, and T145) that were unphosphorylated in the mocktreated sample (Table 1) . Based on these data, we generated a variant of full-length SENP3 (Flag-SENP3 7S¡A ) where these residues, together with two more serine residues directly adjacent to these sites (S139 and S143), were changed to alanine. The two additional serine mutations were included to avoid their use as phosphosites in the absence of the canonical sites. We then were interested to see whether the removal of these 7 S/T residues in the context of full-length SENP3 affects its subnuclear localization and NPM1 binding. Importantly, unlike wild-type Flag-SENP3, Flag-SENP3 7S¡A does not properly localize to the nucleolus and exhibits a predominantly nucleoplasmic distribution in the majority of cells (Fig. 4E) . Moreover, like Flag-SENP3 28S¡A , Flag-SENP3 7S¡A did not efficiently bind NPM1, as evident from antiFlag coimmunoprecipitation experiments (Fig. 4F) . Also of note, the interaction of Flag-SENP3 7S¡A with PELP1 was not compromised, suggesting that the N-terminal phosphosites in SENP3 are critical for NPM1 binding but not the association with PELP1. To further understand if N-terminal phosphosites are necessary and sufficient for nucleolar targeting of SENP3 and NPM1 binding, we reintroduced serine 25 and the five S/T residues in the region covering amino acids 139 to 145 in the SENP3 28S¡A variant. This mutant (Flag-SENP3 6A¡S ) exhibits normal binding of SENP3 to NPM1 and shows nucleolar localization (Fig. 4E and F) , underscoring the importance of these residues for nucleolar targeting and NPM1 binding. mTOR signaling controls the interaction between SENP3 and NPM1. The findings described above led us to investigate whether, in a cellular setting, mTOR activity is involved in controlling nucleolar targeting of SENP3 and binding of the protein to NPM1. First, to see whether mTOR inhibition translates into a release of SENP3 from the nucleolus, we initially choose Ku-0063794, a small-molecule inhibitor of both mTORC1 and mTORC2, to block mTOR signaling (29) . The SENP3-NPM1 interaction was investigated by coimmunoprecipitation experiments in a cell line expressing Flag-tagged NPM1 (21) . In mocktreated control cells, a significant fraction of endogenous SENP3 is found in anti-Flag immunoprecipitates (Fig. 5A) . However, upon mTOR inhibition, this robust interaction is strongly compromised, suggesting that active mTOR signaling is facilitating the interaction between NPM1 and SENP3 (Fig. 5A) . Moreover, blocking mTOR signaling by depletion of Raptor weakens the interaction of endogenous NPM1 and SENP3 (Fig. 5B) . Of note, the inhibition of mTOR generally does not affect the association of NPM1 with its interaction partners, since binding of the 60S maturation factor PES1 to NPM1 is not impaired upon Ku-0063794 treatment (30) . From these data, we conclude that active mTOR signaling specifically controls the dynamic interaction of NPM1 and SENP3. Based on our finding that NPM1 recruits SENP3 to the nucleolus, we investigated whether the impairment of NPM1/ SENP3 binding, which is induced by mTOR inhibition, translates into a release of SENP3 from the nucleolus. In immunofluorescence experiments, we indeed observed a striking nucleoplasmic redistribution of SENP3 when mTOR signaling is blocked with Ku-0063794 (Fig. 5C) . A similar redistribution of SENP3 was observed upon amino acid starvation or treatment with rapamycin ( Fig. 5C and D) . It is worth nothing that, under these conditions, phosphorylation of the mTOR target S6-kinase was lost, but the levels of SENP3 as well as PES1 and NPM1 were unchanged, suggesting that the observed effects are not due to alterations in protein abundance (Fig. 5E ). Amino acid starvation and rapamycin more specifically inhibit mTORC1 rather than mTORC2, indicating that the nucleolar targeting of SENP3 most likely is controlled through the mTORC1 complex. To further validate this point, we performed siRNA-mediated knockdowns of Raptor and Rictor (Fig. 6A) , which are the protein components involved in substrate recruitment and complex assembly of mTORC1 and mTORC2, respectively. The knockdown of Raptor but not Rictor affected the nucleolar accumulation of SENP3 without affecting NPM1 (Fig.  6A) . In summary, these data show that mTOR signaling, most likely through the mTORC1 complex, controls the nucleolar targeting of SENP3. Considering the importance of nucleolar SENP3 for proper ribosome maturation, we next asked whether nucleolar release of SENP3 induced by the inhibition of mTOR signaling is accompanied by defects in ribosome formation. Intriguingly, like SENP3 depletion, Ku-0063794 treatment or depletion of Raptor dramatically affects 28S rRNA maturation, as monitored by pulsechase labeling of rRNA processing (Fig. 6B and C) . In summary, these data indicate that active mTOR signaling is required for the nucleolar accumulation of SENP3, which in turn ensures productive 28S rRNA maturation and 60S biogenesis.
DISCUSSION
The SUMO-specific isopeptidase SENP3 is critically involved in mammalian ribosome biogenesis by stimulating the maturation of the 28S rRNA. Here, we show that this function requires the nucleolar localization of SENP3, which is determined by its interaction with the nucleolar binding partner NPM1. We demonstrate that the mTOR signaling pathway promotes this interaction by directly targeting the N terminus of SENP3.
The maturation of ribosomes is a central cellular process that needs to be coordinated with the cellular energy status. An important regulatory principle of ribosome biogenesis is the separation of specific maturation steps into distinct cellular compartments (4, 5) . The RNA polymerase I-mediated transcription of the 47S rRNA precursor takes place in the inner core of the nucleolus, at the interface of fibrillar centers and the dense fibrillar component (DFC) (5) . The subsequent processing steps of the precursor typically are subclassified into early and late processing events, with the early steps occurring in the DFC region of the nucleolus and later steps in the granular region and the nucleoplasm. The cleav- Immunoblotting of the HeLa cell lysates was done to check for changes in protein levels using anti-PELP1, anti-SENP3, anti-PES1, anti-S6K(T389-P), and anti-NPM1 antibodies after EBSS starvation or rapamycin or Ku-0063794 treatment. Antitubulin antibody was used as a loading control.
age of the rRNA precursor within the internal transcribed spacer (ITS2) region, which separates the 5.8S and the 28S regions in the rRNA, takes place in the GC region. In mammals, this processing step generates the pre-28S rRNA species and a 12S intermediate, which is further trimmed to the 5.8S form in the nucleoplasm (2) . Several factors involved in ITS2 cleavage are concentrated in the nucleolus. One key factor is NPM1/B23, which serves as a marker for GCs and seems to act as a scaffold for several multiprotein complexes implicated in 28S maturation (31) . We and others have identified the SUMO2/3-specific isopeptidase SENP3 as a major interaction partner of NPM1 (19, (20) (21) (22) .
We have shown that SENP3 also resides in the GC and accordingly is required for proper 28S maturation. Here, we demonstrated that the nucleolar residency of SENP3 is needed for its function in 28S rRNA maturation. Furthermore, we show that the nucleolar recruitment of SENP3 requires direct binding to NPM1 through a defined domain in the N-terminal domain of SENP3. Importantly, our work reveals that serines 25 and 26, together with a stretch of serine/threonine residues spanning residues 139 to 145, can be targeted by mTOR-mediated phosphorylation. An SENP3 version lacking seven serine/threonine residues is severely compromised in nucleolar targeting and interaction with NPM1, even though it shows residual phosphorylation (data not shown). Very similarly, the inhibition of the mTOR kinase strongly affects the binding of SENP3 to NPM1 and induces SENP3's release from the nucleolus. Therefore, our data support the idea that mTOR- A pulse-chase rRNA processing assay, as described in the legend to Fig. 1D , was performed in HeLa cells after siRNA-mediated depletion of SENP3 or treatment of cells with Ku-0063794. After extraction, the RNA was run on a denaturing agarose gel, stained with EtBr, and subjected to autoradiography for the detection of the various rRNA species. The efficiency of depletion and levels of SENP3 was controlled by Western blotting with anti-SENP3 antibody. Vinculin was used as a loading control. The 28/32S rRNA ratio was quantified using a phosphorimager. The values represent averages from 3 independent experiments, and the error bars indicate standard errors of the means. (C) As described for panel B, except the cells first were transfected with control siRNA or siRNA directed against SENP3 or Raptor before the pulse-chase assay. The efficient depletion of the respective proteins was monitored by immunoblotting with anti-SENP3 and anti-Raptor antibodies, using tubulin as a loading control. Phosphorimager quantifications are as shown in the lower panel.
dependent phosphorylation of SENP3 promotes its interaction with NPM1 and the recruitment to the nucleolus, which ultimately stimulates ribosome biogenesis. The N-terminal region of SENP3 with the potential phosphorylation sites defined here is highly conserved in mammals. Notably, S26, which is one of the mTOR-targeted residues, is adjacent to a proline residue, a signature that typically is found in mTOR substrates. How the phosphorylation of SENP3 contributes to NPM1 binding currently is unknown. Recent structural work defined an arginine-rich motif in several NPM1 interaction partners as the critical region for NPM1 binding (32) . It has been proposed that these arginine-rich stretches bind to an acidic groove in the N-terminal oligomerization domain of NPM1 to acquire its pentameric conformation (32) . We have shown previously that the oligomerization domain serves as the SENP3 binding region in NPM1. Intriguingly, the region in SENP3 we now defined as the NPM1 binding domain contains two R-rich stretches (boldface) that are separated by the identified phospho-Ser/Thr cluster (underlined) between residues 139 and 145 ( 125 RRRRAMRAFRMLLYSKSTSLTFHWKLW GRHRGRRR 160 ). One scenario is that the phosphorylation of these residues facilitates the exposure of the arginine motif through intramolecular interactions in the SENP3 N-terminal domain. Alternatively, the negative charges introduced by phosphorylation could directly contribute to NPM1 binding through additional electrostatic interactions. Notably, however, replacing the serine residues in SENP3 with negatively charged amino acids did not lead to enhanced binding to NPM1, suggesting that negative charges alone are not sufficient for this process (data not shown). This is in line with several examples where the introduction of phosphomimetic residues cannot functionally replace the natural phosphoserine residues (33).
Mitrea et al. have shown that posttranslational modifications within the oligomerization domain of NPM1 regulate the transition from the pentameric to the monomeric state and the concomitant binding of NPM1 interactors (32) . Although our in vitro experiments support the idea that mTOR directly acts on SENP3, mTOR signaling may have additional indirect roles in this pathway. This also is evident from our observation that TOR inhibition causes a much more severe defect in ribosome maturation than SENP3 depletion. For example, high-throughput proteomic data suggest that the phosphorylation of NPM1 at S70 is sensitive to mTOR inhibitors (34, 35) . Thus, S70 phosphorylation by mTOR or a downstream kinase may contribute to the control of NPM1/SENP3 binding and nucleolar recruitment of SENP3. Changes in protein phosphatase activities, like those of PP2A, also might be implicated in this process, since mTOR inhibition is known to stimulate their activities.
Currently it is unclear in which cellular compartment mTOR phosphorylates SENP3. However, components of the mTORC1 complex are found in the nucleolus, making the nucleolar phosphorylation of SENP3 a plausible event (36) . Interestingly, previous work has demonstrated that mTOR regulates RNA polymerase I-dependent transcription of rRNA by modulating the activity of the transcription factor TIF-IA (10, 11) . Intriguingly, reminiscent of our model, mTOR was proposed to determine the nucleolar localization of TIF-IA by controlling its interaction with RNA Pol I.
Recent work has revealed that mild oxidative stress induces the nucleolar release of SENP3, suggesting that the spatial regulation of SENP3 is relevant as a nutrient-sensing and redoxsensing pathway (37) (38) (39) . Redox sensing of SENP3 is mediated by oxidative modifications of specific cysteine residues, which goes along with the stabilization of the protein and ultimately leads to the activation of the HIF1 pathway by SENP3-mediated deSUMOylation of p300 in the nucleoplasm (37) (38) (39) . Furthermore, in a cellular model of endoplasmic reticulum stress, the unfolded protein response kinase PERK was reported to trigger ubiquitin-independent degradation of a cytosolic fraction of SENP3. In summary, these data highlight the need for SENP3 control at multiple levels. Our data reveal a novel pathway which now implicates mTOR signaling in the delicate control of SENP3 function. We propose that this pathway coordinates ribosome biogenesis with nutrient availability.
